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We measure the decoherence of a spatiaUy separated 
atomic superposition due to spontaneous photon scattering. 
We observe a qualitative change in decoherence versus sepa- 
ration as the number of scattered photons increases, and ver- 
ify quantitatively the decoherence rate constant in the many- 
photon limit. Our results illustrate an evolution of decoher- 
ence consistent with general models developed for a broad 
class of decoherence phenomenon. 
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Decoherence is the result of entanglement between a 
quantum system and an unobserved environment, and 
manifests as the reduction of coherent superpositions into 
incoherent mixtures. This reduction occurs more quickly 
as the number of particles comprising a quantum sys- 
tem increases, establishing decoherence as a fundamental 
limit to large-scale quantum computation |l| and com- 
munication g]. Progress in these fields therefore relies 
upon understanding and correcting for decoherence ef- 
fects. On a macroscopic scale, decoherence is unavoid- 
able and explains the emergence of classical behavior in 
a world governed by quantum mechanical laws. 

Theoretical treatments of decoherence provide a de- 
scription for the evolution of a system's density matrix 
under the influence of a specific environment. For spatial 
decoherence, various environments including a thermal 
bath of harmonic oscillators |^ , a scalar field [Q , and an 
isotropic distribution of scatterers p,p[ have been stud- 
ied. In the high-temperature or many scatterer limit, 
these models all yield a diffusion-like master equation for 
the system's spatial density matrix, p(x,x'): 



d^ = -^[^'^] 
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where H is the Hamiltonian for the isolated system and 
D, the diffusion constant, depends on the details of the 
system-environment coupling. Assuming negligible in- 
ternal dynamics, this equation predicts an exponential 
reduction in coherence with time and with separation 
squared 0: 



p{x,x' ,t) ~ e 



-D^ \x — x 



' p{x,x',Q). 



(2) 



Similar decoherence behavior arises and has been studied 
in the context of an atom interacting with a high-Q cav- 
ity PI, and trapped ions interacting with a fluctuating 
electric field Q. 

To investigate the distinct case of decoherence due to 
scattering processes, we have studied the loss of spatial 



coherence of atoms within an atom interferometer due to 
spontaneous scattering of photons. In the many photon 
limit, this represents a simple case of the general models 
above; we observe coherence loss consistent with Eq. (g) 
and are able to derive the decay constant from first princi- 
ples. The few photon limit is of a qualitatively different 
character, and we have followed the smooth transition 
between these two regimes. 

The atom interferometer [ [I0| is realized by pass- 
ing a coUimated, supersonic beam of Na atoms 
(velocity sa 3000 m/s using a He carrier gas) through 
three diffraction gratings arranged in the Mach-Zehnder 
geometry (Fig. p. Prior to the first grating, the 
atoms are collimated and optically pumped into the 
■^S'i|F = 2,771/ = -1-2) ground state. Two paths through 
the interferometer, separated by up to 20/im, overlap at 
the position of the third grating, forming a spatial in- 
terference pattern. This pattern is masked by the third 
grating and the total transmitted flux is detected using 
a 50/im hot wire. The interference pattern is measured 
as an oscillating atomic flux versus grating position. Be- 
cause the contrast of the interference pattern is propor- 
tional to the coherence between the two paths, reduction 
in contrast is direct evidence of coherence loss. 
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FIG. 1. A schematic of our apparatus: a Mach-Zehnder in- 
terferometer comprised of three, evenly spaced, transmission 
gratings. Within the interferometer, sodium atoms continu- 
ously absorb and spontaneously emit photons from a variable 
intensity laser beam. Decoherence due to spontaneous emis- 
sion results in reduced contrast interference fringes. 

The effective decohering environment consists of pho- 
tons from a laser beam directed along the x axis which 
intersects both interfering paths. The circularly polar- 
ized laser light is tuned to the '■^Si |2, +2) -^ ^Ps |3, +3) 
transition with wavelength A = 27r/fco = 590 nm. Be- 
cause the atoms are dipole forbidden from decaying to 



any state other than '^S'l |2, +2), they can continuously 
scatter photons without falhng out of resonance (the nat- 
ural lincwidth is ^ 200 photon recoils wide). 

At the intersection of the atomic beam and scattering 
laser, each atom's transverse wavefunction is peaked at 
two positions which we label x and x + d. If a photon, 
initially in momentum state \ka), scatters from this atom, 
the two become entangled: 



\^)^^[\x) + \x + d))®\k^)'^ 

\x) ® \<j).,) + \x + d)® e''''"'\c^^+d). (3) 

where \(f>x) is the wavefunction of a photon spontaneously 
emitted from position x and the factor e*'''"'' accounts for 
the difference in spatial phase of the initial photon at the 
two positions. Generalizing the entangled wavefunction 
in Eq. ^ to a density matrix and tracing over a basis of 
scattered photon states, the net effect of scattering on 
the atom's spatial density matrix is: 



p{x, X 



d) — > p[x, X 



d)p(d), 



(4) 



where I3{d) is known as the decoherence function and has 
the properties \P{d)\ < 1 and /3(0) = 1. The decoherence 
function thus defined is equal to the inner product of the 
two final photon states, which are identical apart from 
an overall translation: 
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where the operator kx is the generator of photon trans- 
lations along the x axis. The resulting decoherence func- 
tion is the Fourier transform of a probability distribution 
P(Afc), with Afc = kx — kf) being the change in momentum 
of the photon along the x axis. 

Previous experiments ||ll|,|l^ have measured the deco- 
herence function for an atom which spontaneously scat- 
ters a single photon. The theoretical prediction which 
these experiments confirm is displayed as the solid line 
in Fig. 0. Beneath an overall decay in coherence with 
distance, periodic coherence revivals are observed. This 
shape follows directly from the Fourier transform of the 
dipole radiation pattern for spontaneous emission. It has 
also been explained in terms of the ability of a single pho- 
ton to provide which-path information ||l^: the contrast 
drops to zero when the path separation is approximately 
equal to the resolving power of an ideal Heisenberg mi- 
croscope d ss A/2, with revivals resulting from path am- 
biguity due to diffraction structure in the image. 

If several photons are scattered, and if successive scat- 
tering events are independent, the total decoherence 
function includes one factor of j3 for each scattered pho- 
ton: 



Aotal(rf) 



^P(n)/3"(d). 

n=0 



(6) 



In our experiment, the total number of photons scattered 
by an individual atom is intrinsically uncertain, but is de- 
scribed by the distribution P{n) which can be measured 
or calculated. The sum in Eq. (||) is a trace over this 
additional degree of freedom of the environment. 
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FIG. 2. The total decoherence function, |/3totai|, measured 
as the normalized contrast after spontaneous photon scatter- 
ing. The solid line is the single photon decoherence function. 
Also displayed are the best fits from which we determine n — 
0.9 (A), 1.4 (o), 1.8 (o), 2.6 (v), and 8.2 {+). 

Figure shows measurements of the decoherence func- 
tion for laser intensities corresponding to an average 
number of scattered photons, n, ranging from ~ 1 to 
~8. At each intensity, a reference contrast and phase was 
measured, with the scattering laser positioned such that 
the interfering paths were completely overlapped (d = 0) . 
We then adjusted the longitudinal position of the scat- 
tering laser, z, to select specific path separations in the 
range < d < 1.4A at which to measure the decoherence 
function (see Fig. |^). For each path separation, the ratio 
of the measured atom interference contrast to the ref- 
erence contrast yields the magnitude of the decoherence 
function, \f3totai{d)\- The difference between the mea- 
sured atom interference phase and the reference phase 
yields the phase of the decoherence function. 

We fit the data using Eq. (ra) and taking 
P{n) ~ exp {~^{n — n)'^ /cr^). This form was chosen as 
a good approximation to Monte-Carlo Wavefunction cal- 
culations of P{n) for our laser parameters. From the best 
fit curves displayed in Fig. g, values were extracted for 
n and an which were consistent with, and more accurate 
than, independent measurements of P(n) based on the 
deflection and broadening of the atomic beam with the 
scattering laser blocked versus unblocked. 

In the regime d ^ A, a single scattered photon suf- 
fices to completely destroy the coherence between paths. 
Thus, the non-zero asymptotic value (for n — 0.9 in Fig. 
0) of the decoherence function at large path separation 
is equal to the fraction of atoms which scatter zero pho- 
tons (i.e. decoherence is proportional to the atom-photon 
interaction cross-section). This phenomenon is a sim- 
ple example of saturation of decoherence ra,^3] : the loss 



of coherence becomes independent of path separation at 
a characteristic length scale of the environment. A re- 
cent experiment by Cheng and Raymer p4[ |, involving 
loss of optical coherence due to a disordered collection 
of polystyrene microspheres, has features similar to our 
own: contrast loss was observed to saturate when the 
path separation reached roughly the diameter of the mi- 
crospheres, and the asymptotic contrast was proportional 
to the microsphere-light scattering cross section. 

As the average number of scattered photons increases, 
the overall amount of decoherence increases, and the con- 
trast revivals disappear. This behavior can be formalized 
as the Fourier transform of the total momentum distri- 
bution of all scattered photons: 



/3"(d) 
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(7) 



where AK = X)"=i ^i- As n — > oo, the central limit the- 
orem predicts that P{AK) will tend towards a Gaussian 
with mean nko and variance tict^ (where ak — i/co is the 
rms transverse momentum of an emitted photon) . In the 
case of spontaneous emission, P{AK) is approximately 
Gaussian for n > 3 and the decoherence function reduces 
to: 
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Inserting this expression into Eq. (ph and taking d/\ <C 1, 
we find: 



lim /3totai(d) = e 



p—2^ <^ p — inkod 



where 



(J^ /Cn 



(9) 



(10) 



is the variance of the total momentum transferred to the 
atom from the scattered photons. The first term in Eq. 
( |lO| ) comes from the trace over modes available to the 
spontaneously emitted photon, while the second is re- 
lated to the uncertainty in number of absorbed photons 
combined with the fixed phase fcpd imparted by each. 

If an = Vn (i.e. Poissonian statistics), Eq. (||) pre- 
dicts an exponential decay in contrast with number of 
scattered photons {k^ (x n). If in addition the scattering 
rate, F, is constant, then n = Tt and the decoherence 
has exactly the exponential form derived from a master 
equation like Eq. (|l|). 

We have measured this exponential reduction of spa- 
tial coherence by varying the average number of scat- 
tered photons, leaving the path separation fixed (Fig. ||). 
Theory curves (solid lines) are based on Eq. (g) with cr„ 
determined from the broadening of the atomic beam due 
to the momentum of the scattered photons. The product 
of the two remaining free parameters, nd, was obtained 
from the measured phase of the decoherence function. 
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FIG. 3. Loss of interfering contrast as a function of mean 
number of photons spontaneously scattered by atoms within 
the interferometer. Each curve represents a different path 
separation: d/X = 0.06(A), 0.13(o), and 0.16(o). 

The data follow a nearly exponential decay with n. 
The upward trend at large n is a result of the finite size 
of our hot-wire: the trace over final photon states (Eq. H) 
must be restricted to those states which allow the atom 
to reach the detector. As a result k in Eq. (m is replaced 
with k' where 1/k'^ = 1/k^ -|- 1/k^ and Kd — 3.3(l)fco is 
our detector's effective momentum acceptance. 

In the previous single-photon experiment of Chapman 
et al. |13| lost coherence was similarly "recovered" by po- 
sitioning a hot-wire detector to count only atoms which 
had scattered photons into a small range of momentum 
states. This scheme required |l5[ that the atomic beam 
width, cTr^, be greater than the path separation, d, so 
that the two interfering paths partially overlapped at 
the point of scattering, and a scattered photon could not 
have provided complete which-path information, even if 
rf 3> A. The condition Ux < d need not be satisfied to 
demonstrate the features of decoherence in the current 
experiment, however. Even when it is in principle possi- 
ble to recover some coherence by measuring the environ- 
ment, if no such attempt is made then the predicted loss 
of contrast is independent of Ux ■ 

In the many photon limit, the decoherence function 
we have derived agrees with the solution to the master 
equation presented in the introduction. Comparing Eqs. 
(y) and (y), taking into account the time varying inten- 
sity profile, I{t), of the scattering Hght as experienced 
by atoms in the beam, we identify: k^ = D^t where 
T is the amount of time needed to scatter n photons 
(n = /g r{I{t))dt). Because the atom-photon scatter- 
ing interaction is well defined, and our decohering envi- 
ronment well controlled, we can accurately calculate the 
constant k (equivalently D) for any laser parameters. 

Displayed in Figure ^ are data which demonstrate 
Gaussian reduction in contrast as a function of path 
separation for two different laser intensities. As be- 
fore, we independently determined n and (7„ for each 



intensity, and from these values along with Kd we cal- 
culate k' = 2.5(l)fco for the higher laser intensity and 
k' = 1.8(l)A:o for the lower. Fitting the contrast data to 
Eq. d) yields k' = 2.39(5)A:o and k' = 1.71(5)A:o, within 
error of the calculated values. 
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FIG. 4. Loss of contrast in the many-photon regime. Over- 
layed are theory curves generated from Eq. (bl) using pa- 
rameters (•) n = 4.8(2), cr„ = 1.8(1) and (o) n = 8.1(3), 
a„ = 3.5(1) determined from independent beam deflection 
measurements. 

Our system exhibits what have been referred to as the 
"naive" M] generalizations of decoherence phenomenon: 
exponential loss of contrast with path separation squared 
and with number of scattered particles. The similarity of 
Eq. (|l|) to a diffusion equation ||l^, invites identification 
of this type of decoherence with phase diffusion or a ran- 
dom phase walk. To make the identification explicit, we 
use the identity \(f>x+d) = e~**''=''|(/)a;) to rewrite Eq. (||) 
as: 



i;)^ "^ \x) (E) |0,) + \x + d)^ e''="''e-^^-'^|0,) = 
dk (\x)+e-'^''''-''«^'^\x + d)) (E)\k){k\(t)x) (11) 



In this expression for the entangled atom-photon wave- 
function, a photon state \k) corresponds to an atomic 
superposition state with the phase between the two com- 
ponents shifted by an amount Ap — (kx — kt))d. Corre- 
lating interference data with measurements of each scat- 
tered photon momentum (effectively a randomly sampled 
element of the distribution P{k)) would allow complete 
recovery of lost contrast. In the absence of such post- 
processing, however, the phase of each atom's interfer- 
ence fringes will vary randomly, and their sum, the mea- 
sured interference pattern, will have reduced contrast. 
The phase diffusion and (previously discussed) which- 
path pictures are equally valid when the experimenter 
does not measure the scattered photons Q . 

In conclusion, we have studied the decoherence of a 
spatial superposition due to photon scattering. Our data 
confirm theoretical predictions, and in the many-photon 



limit exhibit features of decoherence which are quite gen- 
eral. We have observed the exponential coherence loss 
with time and path separation squared characteristic of 
this general behavior, and we have for the first time pre- 
dicted and experimentally verified the decoherence rate 
constant k. The particular model we have explored is 
not only the most relevant for macroscopic systems but 
also applies generally to situations in which decoherence 
arises slowly though a series of independent, mildly deco- 
hering interactions, a situation of interest for decoherence 
avoidance or correction protocols. 

This work was supported by Army Research Office con- 
tracts DAAG55-98-1-0429 and DAA55-97-1-0236, Office 
of Naval Research contract N00014-96-1-0432, and Na- 
tional Science Foundation grant PIIY-9877041. 



[lo; 



[11 
[12; 

[13 

[14 

[is; 
[16; 

[17 



W. G. Unruh, Phys. Rev. A 51, 992 (1995). 
H.-J. Briegel et al., in The Physics of Quantum Infor- 
mation, edited by D. Bouwmeester, A. Ekert, and A. 
Zeilinger ( Springer- Verlag, Berlin, 2000), pp. 281-293. 
A. O. Caldeira and A. J. Leggett, Physica A 121, 587 
(1983). 

W. G. Unruh and W. H. Zurek, Phys. Rev. D 40, 1071 
(1989). 

E. Joos and H. D. Zeh, Z. Phys. B-Condens. Mat. 59, 
223 (1985). 

M. R. Gallis and G. N. Fleming, Phys. Rev. A 42, 38 
(1990). 

For one of the earliest derivations of a solution of tliis 
form, see Walls, D.F. and Milburn, G.J., Phys. Rev. A 
79, 2403 (1985). 

M. Prune et al, Phys. Rev. Lett. 77, 4887 (1996). 
C. J. Myatt et al. Nature 403, 269 (2000). 
J. Schmiedmayer et al, in Atom Interferometry, Vol. Ad- 
vances in Atomic and Mofecular Physics of Advances 
in Atomic, Molecular and Optical Physics, edited by P. 
Berman (Academic Press, San Diego, 1997), pp. 2-83. 
T. Pfau et al, Phys. Rev. Lett. 73, 1223 (1994). 
M. S. Chapman et al, Phys. Rev. Lett. 75, 3783 (1995). 
J. R. Anghn, J. P. Paz, and W. H. Zurek, Phys. Rev. A 
55, 4041 (1997). 

C. C. Cheng and M. G. Raymer, Phys. Rev. Lett. 82, 
4807 (1999). 

H. M. Wiseman et al, Phys. Rev. A 56, 55 (1997). 
W. H. Zurek, Phys. Today 44, 36 (1991). 
A. Stern, Y. Aharonov, and Y. Imry, Phys. Rev. A 41, 
3436 (1990). 



